ABSTRACT: The balance of myogenic and adipogenic differentiation is crucial for skeletal muscle homeostasis. Given the vital role of membrane proteins (MBPs) in cell signal perception, membrane proteomics was conducted to delineate mechanisms regulating differentiation of adipogenic and myogenic precursors in skeletal muscle. Adipogenic and myogenic precursors with divergent differentiation potential were isolated from the longissimus dorsi muscle of neonatal pigs by the preplate method. A total of 85 differentially expressed MBPs (P < 0.05 and fold change ‡1.2 or £0.83) between 2 precursors were detected via isobaric tags for relative and absolute quantitation (iTRAQ) assay, including 67 up-regulated and 18 down-regulated in myogenic precursors. Functional enrichment analysis uncovered that myogenic and adipogenic precursors showed significant differences in cytoskeleton organization, syncytium formation, environmental information processing, and organismal systems. Furthermore, key MBPs in regulating cell differentiation were also characterized, including ITGB3, ITGAV, ITPR3, and EPHA2. Noteworthily, EPHA2 was required for myogenic differentiation, and it may promote myogenic differentiation through ERK signaling. Collectively, our study provided an insight into the distinct MBP profile between myogenic and adipogenic precursors in skeletal muscle and served as a solid basis for supporting the role of MBPs in regulating differentiation.-Zhang, X., Wang, L., Qiu, K., Xu, D., Yin, J. Dynamic membrane proteome of adipogenic and myogenic precursors in skeletal muscle highlights EPHA2 may promote myogenic differentiation through ERK signaling. FASEB J. 33, 5495-5509 (2019). www.fasebj.org KEY WORDS: cell membrane proteins • adipogenesis • myogenesis Skeletal muscle is vital for healthy life considering its function in movement and physical activity. Meanwhile, skeletal muscle is also a site where ectopic adipose tissue occurs (1). Recent studies have shown that myocytes and adipocytes within skeletal muscle are derived from common mesenchymal stem cells, which diverge into myogenic or adipogenic lineage during early embryogenesis (2). Myogenesis and adipogenesis within skeletal muscle proceed competitively in the same environment (3), and skeletal muscle integrity can be debilitated by the formation of intramuscular adipose tissue, typically in advanced cases of Duchenne muscular dystrophy (4) and sarcopenia (5). Thus, the differentiation balance between myogenic and adipogenic precursors is crucial for skeletal muscle homeostasis and considerably significant.
Skeletal muscle is vital for healthy life considering its function in movement and physical activity. Meanwhile, skeletal muscle is also a site where ectopic adipose tissue occurs (1) . Recent studies have shown that myocytes and adipocytes within skeletal muscle are derived from common mesenchymal stem cells, which diverge into myogenic or adipogenic lineage during early embryogenesis (2) . Myogenesis and adipogenesis within skeletal muscle proceed competitively in the same environment (3) , and skeletal muscle integrity can be debilitated by the formation of intramuscular adipose tissue, typically in advanced cases of Duchenne muscular dystrophy (4) and sarcopenia (5) . Thus, the differentiation balance between myogenic and adipogenic precursors is crucial for skeletal muscle homeostasis and considerably significant.
The differentiation of myogenic or adipogenic precursors are complicatedly regulated by many intrinsic and extrinsic factors, such as Wingless/Integrated (Wnt), Sonic hedgehog (Shh) and growth factors, which further activate growth factor-mediated pathways, including the MAPK pathway. As an ancient signaling pathway, Wnt signaling induces myogenic differentiation (6, 7) and inhibits adipogenesis (8) . Similarly, Shh promotes differentiation of chicken adult myoblasts and mouse myogenic C2 cells (9) . Compared with the well-studied Wnt and Shh signaling, both positive and negative roles of ERK1/2 in myogenic differentiation have been suggested. As a part of MAPK pathway, ERK1/2 is required for the fibroblast growth factor (FGF) 19 forced skeletal muscle mass (10) , but in chick embryos, the activation of FGF-ERK signaling pathway diminished myogenic differentiation (11) . Similarly, inhibition of ERK1/2 promoted the initiation of differentiation but formed small myotubes in C2C12 cells (12) . Given the paradox in previous studies, modulation of myogenic and adipogenic differentiation merits further investigation.
Membrane proteins (MBPs) function as receptors for endogenous ligands, form channels or pores for low MW compounds and other nutrients, and act as recognition or adhesion molecules (13) . A role for MBPs in regulating cell differentiation has also been delineated in recent years. For example, receptor tyrosine kinases have been recognized as crucial regulators of essential cellular processes, such as proliferation and differentiation (14) . Existing data suggest that Ephrin (Eph) receptors, the largest family of receptor tyrosine kinases, function in myoblast migration into limbs (15) , and the blockade of EPHB3 function leads to the enhanced differentiation of isolated myofiber cultures along with the repressed self-renewal (16) . Similarly, impairment of EPHB1 function in satellite cells forces differentiation by removing the intracellular domain of this receptor (16) . Nevertheless, expression profile of type-A and type-B Eph receptors is distinct during embryonic and postnatal myogenesis (16) . Therefore, the role for Eph receptors in myogenic differentiation still remains elusive and requires further investigation. Furthermore, MBPs has been used to identify and isolate myogenic and adipogenic precursors in skeletal muscle. It is noteworthy that studies dealing with identification and isolation of precursors are confused and limited. For example, CD15 (17) and -34 (18) were used to isolate cells with adipogenic potential, but in human skeletal muscle, adipogenic cells were also observed in CD15 2 or -34 2 populations (19, 20) . Compared with mice, studies coping with the isolation of progenitor cells in humans are limited (21) , let alone other mammals. Although MBPs act as key players in cell signal perception and cell identification, relatively few membrane proteomes are reported because of low recovery rates, protein hydrophobicity, and several other hurdles.
The pig is an appropriate model in many areas related with human disorders because of their anatomic and physiologic similarities to humans (22) . For example, dystrophin-deficient pigs were generated to understand the pathophysiology of Duchenne muscular dystrophy (23) . To uncover the distinct mechanism underlying the differentiation of adipogenic and myogenic precursors, adipogenic and myogenic precursors were isolated from the longissimus dorsi muscle of neonatal pigs in the present study and subjected to isobaric tags for relative and absolute quantitation (iTRAQ) assay to obtain a compendium of differentially expressed MBPs. EPHA2 emerged from our study as a critical MBP promoting myogenic differentiation through ERK signaling in myogenic precursors.
MATERIALS AND METHODS

Cell isolation and culture
Adipogenic and myogenic precursors were isolated from the longissimus dorsi muscle of 3-d-old newborn Yorkshire pigs according to the protocol described in our previous study (24, 25) by adapting the previous protocol (26) with some modifications. Briefly, skeletal muscles were minced and digested in 0.17% protease (P8811; MilliporeSigma, Burlington, MA, USA) and 0.15% collagenase-type XI (C9407; MilliporeSigma) solution for 1 h, respectively. The dissociated cells were purified and cultured in growth medium (GM) on collagen I-coated dishes at 37°C, 5% CO 2 . GM was supplemented with 10% fetal bovine serum, 2 mM glutamine, antibiotics (100 U/ml of penicillin and 100 mg/ml of streptomycin), and 5 ng/ml basic FGF based on DMEM/F12 medium. After 2 h, nonadherent cells were transferred to another dish and further collected after 72-h adhering. The first (0-2 h) and second (2-74 h) sets of adherent cells were adipogenic and myogenic precursors, respectively.
ALW-II-41-27 has been used as an EPHA2 inhibitor that blocks the function of EPHA2 (27, 28) . To determine the role of EPHA2 in myogenic differentiation, myogenic precursors were treated with ALW-II-41-27 (0.5 mM; MedChem Express, HY-18007, Monmouth Junction, NJ, USA) for 12 h in GM followed by myogenic differentiation.
Adipogenic differentiation and Oil Red O staining
To induce adipogenic differentiation, cells were treated in adipogenic differentiation medium (DM): 10% (v/v) fetal bovine serumin DMEM, l mM dexamethasone (D4902; MilliporeSigma), 0.5 mM 1-methyl-3-isobutylmethyl-xanthine (I5879; MilliporeSigma), and 10 mg/ml insulin (I6634; MilliporeSigma). After 3 d, we replaced the DM with maintenance medium (DMEM complemented with 10% fetal bovine serum, 10 mg/ml insulin) for another 6 d.
Following adipogenic induction, cells were fixed with 2.4 ml of 4% paraformaldehyde solution for 2 h. After incubated with 60% isopropanol for 2 min, cells were stained with 1 ml of Oil Red O (O0625; MilliporeSigma) working solution for 10 min. Images were taken by inverted microscope (10 3 10).
Myogenic differentiation and immunofluorescence
Cells at 80-90% confluence were switched to myogenic DM that contained DMEM and 2% heat-inactivated horse serum (160-50130; Thermo Fisher Scientific, Waltham, MA, USA) for 4 d. Myogenic differentiation was characterized by the fusion of myoblasts into multinucleated myotubes.
After myogenic induction, cells were fixed with 4% paraformaldehyde for 30 min at room temperature, permeabilized with 0.2% Triton X-100 for 10 min, blocked in blocking solution containing 5% bovine serum albumin in PBS for 1.5 h, and incubated with anti-MHC (MY32 clone, M4276, 1:300 dilution; MilliporeSigma) overnight at 4°C. After incubation with secondary antibody conjugated to Alexa Fluor 594 (ZSGB-BIO, ZF-0513, 1:100 dilution) for 1 h at room temperature, cells were incubated with DAPI (1 mg/ml stock, 1:1000 dilution in PBS) for 10 min. Fluorescence was visualized using an Olympus fluorescence microscope (Tokyo, Japan).
control. The primers used for quantifying selected genes were listed in Table 1 . Relative gene expression level was calculated by 2 2DDCt method (29) .
Proliferation assay
Adipogenic and myogenic precursors were plated into 96-well plates at a density of 8 3 10 3 cells. When they reached 70-80% confluence, cells were incubated with 5-ethynyl-2'-deoxyuridine (EdU) for 2 h before staining. Cell proliferation was detected using Cell-Light EdU Cell Proliferation Detection Kit (C10310; RiboBio, Guangzhou, China) following the manufacturer's protocol. Percentage of proliferative cells was determined by quantitation of EdU-positive cells under Olympus fluorescent microscope (10 3 10).
MBPs extraction, quantitation, and validation
Undifferentiated adipogenic and myogenic precursors (derived from the 4 pigs) were washed with ice-cold PBS then scraped with PBS containing protease inhibitor and centrifuged at 300 g for 5 min at 4°C and frozen at 280°C for further usage. MBPs were extracted using Mem-PER Plus Membrane Protein Extraction Kit (89842; Thermo Fisher Scientific) according to the manufacturer's instruction. Supernatant-containing cytosolic proteins were obtained after permeabilization and centrifugation for 15 min at 16,000 g during MBP extraction. Subsequently, the concentration of MBPs and cytosolic proteins was determined using the Bradford assay. The same aliquot of the MBPs (25 mg each sample) were run on a 10% SDS-PAGE gel followed by Coomassie staining. The validation of MBPs was performed by Western blot. GAPDH was used as a positive control of cytosolic proteins, whereas N-cadherin was used as a positive control of MBPs.
MBPs digestion and iTRAQ labeling
An aliquot of 200 mg MBPs of both myogenic and adipogenic precursors isolated from 4 neonatal pig samples was reduced, alkylated, and digested with trypsin according to the manufacturer's guidelines (Applied Biosystems, Foster City, CA, USA). Protein peptides (100 mg) from each sample were labeled using the iTRAQ Reagent-8Plex Multiplex Kit (4390812; AB Sciex, Framingham, MA, USA) as follows: Myogenic1, 113; Myogenic2, 114; Myogenic3, 115; Myogenic4, 116; Adipogenic1, 117; Adipogenic2, 118; Adipogenic3, 119; Adipogenic4, 121. After incubation with iTRAQ labeling reagents at room temperature for 1 h, a 100-ml aliquot of water was added to stop the labeling reaction. After label efficiency confirmation, differentially labeled peptides were mixed and vacuum dried.
High pH-reversed-phase liquid chromatography fractionation and liquid chromatography-mass spectrometry/mass spectrometry analysis
The mixed peptide samples with 8 labels were fractioned using a reversed-phase liquid chromatography system (1260 infinity II; Agilent Technologies, Santa Clara, CA, USA) with a C 18 10.0) (phase A) and 98% ACN and 2% H 2 O (pH 10.0) (phase B). The fractionation was performed for 60 min at a flow rate of 0.7 ml/min with the following gradients: 0% B for 3 min, 0-5% B for 2 min, 5-35% B for 40 min, 35-90% B for 15 min. The reconstituted peptides were analyzed with the QExactive HF Mass Spectrometer (Thermo Fisher Scientific) coupled with a nano high-performance liquid chromatography (Easy Nlc; Thermo Fisher Scientific) system. The peptides were loaded onto a C 18 -reversed phase column (C 18 3 mm 100 mm 3 20 mm) and separated on an analytical column (C 18 1.9 mm 150 mm 3 120 mm; Thermo Fisher Scientific) using mobile phase A: 0.1% formic acid/H 2 O and B: 0.1% formic acid/ACN at a flow rate of 0.6 ml/min, using a 78-min gradient: 16 min from 5 to 10% B, 35 min from 10 to 22% B, 20 min to 30% B, 1 min to 95% B, and maintained at 95% B for 6 min. A full mass spectrometry (MS) scan (300-1400 m/z) was acquired in the positive ion mode at a resolution of 120,000, an automatic gain control target value of 3 3 10 6 , a maximum ion accumulation time of 80 ms, number of scan ranges of 1, and dynamic exclusion of 12.0 s. Information for peptides and peptide fragments were collected as follows: 10 fragment files collected after every full scan (MS2 scan), higher collision energy dissociation fragmentation, an isolation window of 1.6 m/z, full scan at a resolution of 15,000 (at 100 m/z), microscans of 1, maximum ion accumulation time of 45 ms, and normalized collision energy of 30 eV.
Protein identification and quantification
Protein identification and quantification for iTRAQ experiments were conducted using Proteome Discoverer 1.4 (v.1.4.0.288; Thermo Fisher Scientific) with a false discovery rate ,1% and expected cutoff or ion score ,0.05 (with 95% confidence). The liquid chromotography-MS/MS data were searched against the UniProtKB (sus scrofa; https://www.uniprot.org/taxonomy/9823), and at least 1 unique peptide was considered for protein identification. MBPs were predicted using TMHMM 2.0 (http://www.cbs.dtu.dk/ services/TMHMM/) (30) and proteins with the expected number of amino acids in transmembrane helices larger than 18 will be predicted as MBPs. A paired t test was performed to determine statistical significance between the myopogenic and adipogenic groups. Proteins with a value of P , 0.05 and an absolute fold change (FC) more than 1.2 were considered differentially expressed.
Bioinformatics and pathway analysis
Blast2GO (BioBam Bioinformatics, Valencia, Spain) software was used to perform gene ontology (GO) enrichment for differentially expressed MBPs to catalog the molecular functions, cellular components, and biologic processes. A value of P , 0.05 was considered as the criteria for significant GO enrichment. ReviGO (http://revigo.irb.hr/) and Cytoscape (v.3.5.1; Cytoscape Consortium, San Diego, CA, USA) were used to summarize and visualize GO enrichment results to reduce redundancy. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment was also performed to annotate pathways based on differentially expressed MBPs; KEGG pathways with values of P , 0.05 were subjected to further analysis.
Small interfering RNA transfection of myogenic precursors
Myogenic precursors were plated on collogen I-coated 6-well plates (10 6 cells per well) and transfected with 100 nM scrambled small interfering RNA (siRNA) or EPHA2 siRNA (GenePharm, Pallini, Greece) using Lipofectamine 3000 (Thermo Fisher Scientific) according to the manufacturer's protocol. After transfection of 72 h, cells were collected or stimulated for myogenic differetiation. EPHA2 siRNA No. 1: sense 59-CCUGCUCGCCGG-GAUUCUUTT-39, antisense 59-AAGAAUCCCGGCGAGCA-GGTT-39; EPHA2 siRNA No. 2: sense 59-CCGCCAGUGU-CAGCAUCAATT-39, antisense 59-UUGAUGCUGACACUG-GCGGTT-39; EPHA2 siRNA No. 3: sense 59-CCACGGAAG-GAUCUAGCAATT-39, antisense 59-UUGCUAGAUCCUUCC-GUGGTT-39. The sequence of the scrambled siRNA used was 59-UUCUCCGAACGUGUCACGUTT-39 (sense strand) and 59-ACGUGACACGUUCGGAGAATT-39 (antisense strand).
Western blotting
Total cell protein lysates were extracted with cell lysis buffer that contained protease inhibitor and protein phosphatase inhibitor cocktail. The relative protein expression of randomly selected MBPs, including VCAM1, EPHA2, NUP210, TMEM209, and SLC39A7, was analyzed by Western blot to verify the results of proteomics. Approximately 60-100 mg of total cell lysates were loaded per well, and GAPDH was run as a loading control.
Protein samples were resolved on 8-12% SDS-PAGE gels and transferred to PVDF membranes (PVDF Western Blotting Membranes; MilliporeSigma). Membranes were blocked in TBS containing 5% (w/v) nonfat dry fat or bovine serum albumin at room temperature for 1 h and then incubated against corresponding primary antibodies (Supplemental Table S1 ) at 4°C overnight. Blots were developed using DyLight 800-labeled secondary antibodies, detected with the Odyssey Clx (LiCor Biosciences, Lincoln, NE, USA) and quantified using ImageJ (National Institutes of Health, Bethesda, MD, USA) software.
Statistical analysis
Data organization, scientific graphing, and statistical analyses were performed using Microsoft Excel (Redmond, WA, USA), GraphPad Prism (v.6; La Jolla, CA, USA), and SAS (v.9.2; SAS Institute, Cary, NC, USA). Data were presented as means 6 SEM. For comparison between adipogenic and myogenic precursors and comparison between cells in GM and DM, statistical differences were determined by the paired 2-tailed Student's t test. Meanwhile, statistical differences in other comparisons were determined by the unpaired 2-tailed Student's t test. A value of P , 0.05 was considered significant.
RESULTS
Characterization of adipogenic and myogenic precursors
Skeletal muscle-derived adipogenic and myogenic precursors were harvested via preplate technique based on their adhesion characteristics to collagen I-coated dishes. Upon adipogenic induction, adipogenic precursors differentiated into mature adipocytes. Accumulating lipids (as shown by Oil Red O staining) (Fig. 1A) and high mRNA expression levels of peroxisome proliferatoractivated receptor g (PPARG; P , 0.01) and lipoprotein lipase (LPL; P , 0.01) were observed in adipogenic precursors, although the expression level of CCAATenhancer binding protein a (CEBPA) was not significantly different after adipogenic differentiation (Fig. 1B) . In contrast with adipogenic precursors, little or no adipogenic activity was evident in myogenic precursors (Fig. 1A,  B) . When treated with myogenic induction, immunofluorescence of myosin showed that myosin + multinucleated myotubes were present in myogenic but not adipogenic precursors (Fig. 1A) . Consistent with the myotube formation in myogenic precursors, the muscle-specific transcription factors (MYOD1 and Myogenin) and Myomarker, which is necessary and sufficient for mammalian myoblast fusion (31), were highly expressed in myogenic precursors (Fig. 1B) . These results demonstrated that the adipogenic and myogenic precursors we obtained possessed distinct differentiation potential.
Furthermore, to investigate the distinct cell growth rate of adipogenic and myogenic precursors, EdU labeling was performed. In detail, impeded proliferation was observed in myogenic precursors through the detection of fewer EdU-positive cells than that in adipogenic precursors (P , 0.01, Supplemental Fig. S1A , B). Consistent with the lower level of cyclin D1 (P , 0.01, Supplemental Fig. S1C, D) , the phosphorylation of AKT was also decreased in myogenic precursors (P , 0.05, Supplemental Fig. S1C, D) .
Membrane proteome analysis of adipogenic and myogenic precursors
To gain insight into the molecular mechanisms associated with adipogenic and myogenic differentiation, we focused on the MBPs as key sensor board controlling cell differentiation. Validation of MBPs extraction was achieved by SDS-PAGE, and the patterns of each sample line were quite similar (Supplemental Fig. S2A ). Western blot was also conducted for the same sample (Supplemental Fig.  S2B ). We observed that the expression level of N-cadherin was much higher in MBPs than the supernatant containing cytosolic proteins despite the adipogenic or myogenic precursors, whereas the expression level of GAPDH was much lower in MBPs.
As shown in Fig. 2A , a total of 2891 proteins was identified in myogenic and adipogenic precursors by the MS analysis with a false discovery rate ,1% at both protein and peptide levels. Of the total identifications, 70.3% were based on at least 2 unique peptides with an average of 5 unique peptides per protein (median = 3). Of the total quantified proteins (2691), 296 proteins with P , 0.05 and FC $ 1.20 or # 0.83 between myogenic and adipogenic precursors were taken as differentially expressed proteins (DEPs), with 190 proteins being up-regulated (red nodes shown in Fig. 2B ) and 106 being down-regulated (green nodes shown in Fig. 2B ) in myogenic precursors.
A total of 762 proteins were defined as MBPs based on the TMHMM model ( Fig. 2A) . Prediction by TMHMM showed that the majority of these 762 MBPs were singlepass transmembrane proteins (Fig. 2C) . Eighty five MBPs were regarded as differentially expressed based on the criteria of DEPs, with 67 MBPs being up-regulated and 18 being down-regulated in myogenic precursors (Fig. 2D, E) . The expression levels of these 85 MBPs in all samples were displayed in the heat map generated by hierarchical cluster analysis and showed a clear difference in adipogenic and myogenic precursors (Fig. 2D ). More details of 85 differentially expressed MBPs were listed in Tables 2 and  3 .
To validate the results of proteome analysis, the relative abundance of 5 MBPs, including VCAM1 (FC = 2.00), EPHA2 (FC = 1.67), NUP210 (FC = 0.48), TMEM209 (FC = 0.66), and SLC39A7 (FC = 0.69), were selected to be determined by employing Western blot. As shown in Supplemental Fig. S3 , despite VCAM1, the trend of 4 other MBPs was consistent with that in proteome analysis, indicating high reliability of our proteomic workflow. 
GO enrichment analysis of differentially expressed MBPs
We next performed GO annotation and enrichment analysis on differentially expressed MBPs and identified 108 significantly enriched GO terms (P , 0.05), including 28 cellular component terms, 14 molecular function terms, and 66 biologic process terms. Significant GO terms were processed via ReviGO and represented using the Interactive Graph function to group GO terms (Fig. 3) . As shown in Fig. 3A , ReviGO analysis of cellular component terms produced a cluster related to plasma membrane (surrounded by a blue dotted box), such as "plasma membrane part" and "plasma membrane receptor complex." In addition to the large subgroup associated with plasma membrane, cellular component terms like "vesicle," "actin-based cell projection," "extracellular region," and "cell junction" were also significantly enriched. As for molecular function, 7 GO terms were significantly enriched, including "transmembrane signaling receptor activity," "protein complex binding," 3 terms associated with transporter activity ("organic cation transmembrane transporter activity," "ammonium transmembrane transporter activity," and "substrate-specific transporter activity"), and 2 terms related to transducer activity ("signal transducer activity" and "molecular transducer activity") (Fig. 3B) . It was noteworthy that "transmembrane signaling receptor activity" was the most significantly enriched term (P = 0.003), implying the key role of MBPs in signal transduction.
Proteins assigned to "regulation of cytoskeleton organization" (P = 0.003), "regulation of cell adhesion" (P = 0.004), "organic cation transport" (P = 0.008), "syncytium formation by plasma membrane fusion" (P = 0.008), and "syncytium formation" (P = 0.008) were the top 5 most significantly enriched biologic process terms (Fig. 3C) . MBPs involved in these terms were listed in Supplemental  Table S2 . Furthermore, 4 biologic process terms related to development were enriched, including "positive regulation of cell development," "blood vessel development," "epidermis development," and "skin development." Meanwhile, 2 terms were associated with the migration and proliferation of leukocyte, such as "regulation of leukocyte migration" and "regulation of leukocyte proliferation" (Fig. 3C) . Moreover, 5 specific subclasses were also enriched, including "developmental process," "response to stimulus," "immune system process," "biological regulation," and "biological adhesion" (Fig. 3C ).
KEGG analysis of differentially expressed MBPs
We identified 9 KEGG pathways (P , 0.05) enriched with differentially expressed MBPs. Among them, 3 pathways were related to organismal systems, including "NOD-like receptor signaling pathway," "Thyroid hormone signaling pathway," and "Platelet activation" (Fig. 4A) , and 2 pathways were related to environmental information processing, including "PI3K-AKT signaling pathway" and "Rap1 signaling pathway" (Fig. 4B) . As displayed by the heat map, MBPs involved in these 5 pathways, such as ITGB3, ANTXR1, ITPR3, ITGAV, and EPHA2, were all upregulated in myogenic precursors (Fig. 4A, B) In addition, "Apoptosis" was related to cellular processes (Fig. 4C) . In this category, MBPs, such as ITPR3 and CTSD, were all upregulated in myogenic precursors. Also, in KEGG analysis, 3 enriched pathways were related to human diseases, including "Proteoglycans in cancer," "Dilated cardiomyopathy (DCM)," and "Hypertrophic cardiomyopathy (HCM)" (Fig. 4D) . Two up-regulated MBPs were involved in this category, including ITGB3 and ITGAV. It was worth noting that ANTXR1 and CTSD were respectively involved in 1 specific pathway, whereas ITGB3, ITGAV, ITPR3, and EPHA2 acted as hubs to connect at least 2 pathways (Fig. 5) . In detail, ITGB3 linked 7 pathways, including "PI3K-AKT signaling pathway," "Rap1 signaling pathway," "Thyroid hormone signaling pathway," and "Platelet activation" and 3 terms associated with human diseases. Following 5 pathways and 4 pathways connected, respectively, by ITGAV and ITPR3, EPHA2 acted as a hub to connect "PI3K-AKT signaling pathway" and "Rap1 signaling pathway."
Role of MBPs in myogenic differentiation
Pax7 + cells are satellite cells that are required for skeletal muscle regeneration (32, 33) , whereas Twist2 + cells are progenitors that contribute specifically to type IIb/x myofibers during muscle regeneration (34) . As previously described (34), Twist2 + cells were sorted by flow cytometry and fluorescence-activated cell sorting analysis from the skeletal muscle of Twist2-CreERT2; R26-tdTO mice 10 d post-TMX treatment at 8 wk of age, whereas Figure 3 . GO enrichment analysis of differentially expressed MBPs. Clusters of significant GO terms (P , 0.05) for cellular component (A), molecular function (B), and biologic process were visualized using ReviGO (C ). Node color intensity is scaled according the P value, and edge width indicates the degree of similarity.
Pax7
+ cells were sorted from Pax7-CreERT2; R26-tdTO mice. Liu et al. Accordingly, we checked the mRNA expression pattern of these 85 MBPs during myogenic differentiation of Pax7 + and Twist2 + cells. As shown in Fig. 6A , a total of 22 MBPs whose transcripts were identified as differentially expressed genes, and among them, mRNA levels of 8 differentially expressed MBPs (IL6ST, SEMA3C, TMBIM1, DERL1, ATP1B1, GGCX, DAG1, and JAM3) were up-regulated during myogenic differentiation of Pax7 + and Twist2 + cells, whereas 14 MBPs were downregulated,including VCAM1, EPHA2, ANTXR1, S100A10, GALNT1, ITPR3, TTYH3, ERMP1, PTGFRN, ITGAV, ITGB3, TMEM209, FADS1, and MTX1. Remarkably, the mRNA expression of EPHA2 was dramatically changed, which was decreased 12.61-fold and 25.47-fold during myogenic differentiation of Pax7 + and Twist2 + cells, respectively. In turn, we measured mRNA expression levels of these 22 MBPs of myogenic precursors derived from the skeletal muscle of neonatal pigs and found that mRNA expression level of IL6ST, TMBIM1, and ITGAV was significantly up-regulated during myogenic differentiation (P , 0.05, Fig. 6B ), and conversely, levels of EPHA2, ATP1B1, ERMP1, and MTX1 were strongly down-regulated (P , 0.01, Fig. 6B ). Importantly, the expression pattern of EPHA2, IL6ST, TMBIM1, ERMP1, and MTX1 during myogenic differentiation was similar in myogenic precursors derived from both mice and pigs. Meanwhile, the expression of ANTXR1, S100A10, ITPR3, GGCX, and ITGB3 tended to be altered during myogenic differentiation (P , 0.1, Fig. 6C ), and the expression pattern of S100A10, ITPR3, and GGCX was similar during differentiation of myogenic precursors from mice and pigs. At the same time, 10 other MBPs were changeless during myogenic differentiation (Fig. 6D) .
The key role of EPHA2 in myogenic differentiation
Notably, combining with RNA sequencing data previously obtained from mice, we found that EPHA2 mRNA expression was dramatically altered during myogenic differentiation. Furthermore, EPHA2 had the largest variation (FC = 1.67) between myogenic and adipogenic precursors among the 4 hub proteins (EPHA2, ITGB3, ITGAV, and ITPR3). Therefore, we focused on the role of EPHA2 in myogenic differentiation. After ALW-II-41-27 (EPHA2 inhibitor) treatment (0.5 mM) in GM for 12 h, the phosphorylation of EPHA2 was decreased (P , 0.05; Fig.  7A , B). AKT and ERK signaling are downstream targets of Eph receptors. As shown in Fig. 7A , B, the phosphorylation of AKT was significantly decreased by ALW-II-41-27 treatment (P , 0.01), whereas the phosphorylated ERK1/2 was stimulated (P , 0.01). After 4 d of myogenic induction, a deficiency of myotube formation was observed in cells treated with ALW-II-41-27 in GM (Fig. 7C) , paralleled with a down-regulation of myosin (P , 0.01, Fig. 7D) , although MYOD1 expression level was up-regulated (P , 0.01, Fig. 7D ).
To further validate the role of EPHA2 in myogenic differentiation, EPHA2 knockdown was performed in myogenic precursors. The results showed that siEPHA2-2 exhibited the best knockdown efficiency (Supplemental Fig. S3 ). Therefore, siEPHA2-2 was used for further analysis. Remarkably, EPHA2 silencing significantly enhanced the phosphorylation of ERK1/2 (P , 0.01, Fig. 7E, F) , whereas the phosphorylation of AKT was not changed (Fig. 7E, F) , which differed from the effect of ALW-II-41-27. Upon 4 d of myogenic differentiation, myogenic precursors lacking EPHA2 also had obviously fewer multinucleated myotubes as revealed by myosin staining (Fig. 7G) . Furthermore, the expression of MYOD1 and myosin was analyzed by Western blot. Indeed, expression of these 2 proteins was significantly blunted in EPHA2-silenced cells compared with cells that had been transfected with scrambled siRNA (Fig. 7H) . Thus, EPHA2 was required for myogenic differentiation and may promote myogenic differentiation through ERK signaling.
DISCUSSION
Identification of mechanisms that modulate adipogenic and myogenic differentiation is a vital step toward the maintenance of skeletal muscle homeostasis. For pigs, cell surface marker of muscle-derived cells has not been established because of the limited knowledge of cell surface markers and available commercialized antibodies. Therefore, we had successfully established a preplate technique, a cell surface marker--independent method, to isolate adipogenic and myogenic precursors from skeletal muscle of pigs (24, 25) by adapting the previous protocol (26) with some modifications. In this study, we proved again the purity of adipogenic and myogenic precursors by their distinct differentiation capacity upon adipogenic and myogenic induction (as shown in Fig. 1 ). In addition, we had previously evidenced that adipogenic precursors had significantly higher mRNA expression levels of PDGFRa (marker of adipogenic precursors) relative to myogenic precursors, whereas myogenic precursors had considerably higher mRNA expression levels of Desmin and Pax7 (markers of myogenic precursors) compared with adipogenic precursors (24) . Based on the significantly divergent differentiation potential, we can reasonably deduce that the 2 subpopulation cells both have high purity.
Given the significant roles of MBPs in cell signal perception and cell isolation, we analyzed the distinct membrane protein profile in myogenic and adipogenic precursors using the iTRAQ-based membrane proteomic method. A total of 762 MBPs were successfully identified. Eighty five MBPs with values of P , 0.05 and FC $1.2 or #0.83 were defined as differentially expressed, including 67 up-regulated and 18 down-regulated in myogenic precursors.
Accumulating evidence demonstrates that cytoskeleton organization exerts an important regulatory effect in the balance between myogenic and adipogenic differentiation. Cytoskeleton organization was required for myoblast fusion (35) , which was also confirmed in Nap1-induced myoblast fusion between mammals and Drosophila (36). Conversely, cytoskeleton played a negative role in the adipogenesis of human mesenchymal stem cells by regulating activities of p38 and ERK1/2 (37), although pathways regulating actin cytoskeleton were down-regulated accompanied with the inhibited adipogenic differentiation induced by TAGLN knockdown in human bone marrow-derived stromal stem cells (38) . In this study, "regulation of cytoskeleton organization" was the most significantly enriched biologically processed term based on differentially expressed MBPs. Thus, it is conceivable that cytoskeleton organization exerts essential regulatory functions in myogenic and adipogenic differentiation and the consequent skeletal muscle health. Notably, biologic process terms like "syncytium formation by plasma membrane fusion" and "syncytium formation" were also enriched, and both CD109 and MYOF were included in them. A previous study uncovered that MYOF (Myoferlin), a membrane-anchored protein, was required for efficient myoblast fusion to myotubes (39) . Myoblast fusion is a complex and tightly controlled process required for the formation of skeletal muscle fibers (40) ; however, the fusion of nonmuscle cells could not be induced by myomarker, a key MBP to control critical steps in myoblast fusion (31) . Therefore, syncytium formation was a vital process to distinguish myogenesis and adipogenesis, although our understanding of the mechanisms regulating myoblast fusion remains limited, particularly in mammals (41) .
By integrating GO enrichment analysis and KEGG analysis, another remarkable group enrichment was associated with environmental information processing, including biologic process term "regulation of cell adhesion" and 2 KEGG pathways ("PI3K-AKT signaling pathway" and "Rap1 signaling pathway"). Knockdown of ITGB3, known as adhesion molecules, in C2C12 myoblasts impairs myoblast migration and myotube formation through the impeded Rac1 activity and myogenic gene expression, as well as the disruption of actin organization (42) . Here, we presented evidence showing that ITGB3 and other 4 up-regulated MBPs were involved in "regulation of cell adhesion," supporting the notion that cell adhesion played a positive role in myogenic differentiation. Furthermore, accumulating evidence has revealed the importance of AKT activation in myoblast differentiation and fusion (43, 44) . As such, Rap1 protein undergoes important modifications during early and late myogenesis (45) and interferes with various MAPK-activating pathways in skeletal myogenic cells (46) . Rap1 deficiency promoted adipogenesis of mouse embryonic fibroblasts in vitro and caused excessive accumulation of subcutaneous and intraabdominal fat (47) . It was noteworthy that pathways involved in environmental information processing were also enriched in our previous work as revealed by RNA sequencing analysis of adipogenic and myogenic precursors (24) . In summary, adipogenic and myogenic precursors showed great differences in environmental information processing and, depending on which, we speculated that MBPs acted as receptors to transmit extracellular signals and initiate intracellular pathways to regulate myogenic or adipogenic differentiation.
As displayed by KEGG analysis, pathways involved in "organismal systems" also contributed to decipher the discrepancy between myogenic or adipogenic differentiation, mirroring the key signaling in regulating aspects of skeletal muscle homeostasis. For example, thyroid hormone (TH) plays an essential role in myogenesis, and T3 stimulated myoblast differentiation through the activation of TH receptor a and followed by Wnt/b signaling pathway (48) . Although the role of integrin in TH-mediated cell migration has been described (49) , the function of integrins identified in this study, such as ITBG3 and ITGAV, in THmediated myogenic differentiation was not clear. We supposed that ITGB3 and ITGAV might accept the stimulation of TH and transduce this signal to control myogenic differentiation via several intrinsic factors. The role of integrins in TH-regulated myogenic differentiation is of great interest and needs further study.
In our present study, we also characterized some key MBPs involved in cell differentiation. As highlighted by KEGG analysis, ITGB3, ITGAV, ITPR3, and EPHA2, which were all up-regulated in myogenic precursors, acted as hubs to connect at least 2 pathways. It has been reported that knockdown of ITGAV enhanced adipogenic differentiation of human adipose tissue stem cells (50) , although the mechanism was not well documented and the role of ITGAV in myogenic differentiation still remained unclear. Cytosolic Ca 2+ signals are fundamental for myogenic differentiation (24, 51) , and the up-regulation of intracellular Ca 2+ -MLCK pathway was also observed in myogenic precursors relative to adipogenic precursors derived from pig skeletal muscle in our previous study (24) . It has been known that inositol 1,4,5-trisphosphate receptor (IP3R) is an intracellular calcium release channel located on the endoplasmic reticulum, and IP3R1-mediated Ca 2+ release is essential in the early step of myoblast differentiation (51) . Being different from the role of IP3R1 in myoblast differentiation, IP3R3 appears to be the major player in Ca 2+ -dependent apoptosis (52) . Given that apoptosis is often associated with cell differentiation (53) , the relationship between IP3R3-Ca 2+ pathway and myogenic differentiation merited further exploration. Besides ITGB3, ITGAV, and ITPR3, KEGG analysis also revealed that EPHA2 acted as a hub to connect PI3K-AKT and Rap1 signaling pathway. Intriguingly, the expression pattern of EPHA2 during myogenic differentiation of myogenic precursors in the present study was similar to that of Pax7 + /Twist2 + cells isolated from mice (34) . EphrinA/EPHA signal has been reported to facilitate IGF-I-induced myogenesis by suppressing the Ras-ERK1/2 cascade in myoblast cell lines (54) . In concert, after the inhibition of EPHA2 with ALW-II-41-27 in GM or siRNAmediated silencing of EPHA2, enhanced phosphorylation of ERK1/2 was observed in myogenic precursors, paralleled with the impaired myotube formation. It is conceivable that EPHA2 is required for myogenic differentiation and myotube formation through ERK signaling, although we cannot exclude other mechanisms that mediate EPHA2 function.
Over all, our study provided an insight into the cellular mechanism mediating divergent differentiation capacity of skeletal muscle-derived myogenic and adipogenic precursors through the view of MBP dynamics. The 2 cell subsets showed significant differences in cytoskeleton organization, syncytium formation, environmental information processing, and organismal systems. Remarkably, the present study revealed that EPHA2 was required for myogenic differentiation and may promote myogenic differentiation through ERK signaling. This study cast a new light on understanding the role of MBPs in regulating cell differentiation and maintaining skeletal muscle homeostasis.
